Data deposition: Newly generated RNA-seq data and transcriptome assemblies were deposited into the NCBI SRA and TSA databases (see supplementary table S3, Supplementary Material online, for accession numbers). Sequence alignments are provided via Figshare at https://figshare. com/s/64e28b2ed14177b1ab14.
Introduction
With one recent and notable exception (Karnkowska et al. 2016) , all eukaryotes maintain mitochondria or a mitochondrial(mt)-like organelle, and those with a functional electron transport chain maintain a mt genome (Allen 2015; Hjort et al. 2010) . The evolutionary forces shaping the mt genome are quite different than those that affect the nuclear genome. The mt genome has a lower effective population size than the nuclear genome, owing mainly to its uniparental transmission and effectively haploid nature, which limits the ability of selection in the mt genome to purge deleterious mutations (Lynch and Blanchard 1998; Neiman and Taylor 2009 ). These effects can also be magnified due to a high mt mutation rate in many eukaryotic lineages (Brown et al. 1979; Denver et al. 2000; Lynch et al. 2008; Lynch 1997; Lavrov and Pett 2016) .
Despite the disparate evolutionary forces acting on them, gene products encoded by the mt and nuclear genomes must interact in a precise and intimate fashion to meet the energetic demands of eukaryotic cells. When these interactions are compromised due to mt mutations or the generation of maladapted mt and nuclear genomes via hybridization, the consequences for organismal health and fitness can be severe Dowling 2014; Wallace 2005) . Therefore, it is thought that mt and nuclear genomes coevolve in order to maintain proper mitonuclear interactions. In particular, rapidly evolving mtDNA may create selection for corresponding changes in nuclear-encoded proteins that interact with mt-encoded gene products Beck et al. 2015; Gong et al. 2014; Havird et al. 2015b; Osada and Akashi 2012; Sloan et al. 2014) . We refer to the nuclear genes that encode these mitochondrially targeted proteins as N-mt genes.
The angiosperm genus Silene is a model system to examine the effects of mitochondrial mutations on the nucleus. Like most angiosperms (Wolfe et al. 1987) , some Silene species have slowly evolving mtDNA, but others have experienced a recent (i.e., within~5 Myr) acceleration in mtDNA evolution. This acceleration appears to result from a genome-wide increase in the underlying mt mutation rate, though the specific cause of the elevated mutation rates remains mysterious. The resulting mt mutation rates in some fast Silene species are higher than those for nuclear genes, creating a more mammalian-like mitonuclear mutation balance (Mower et al. 2007; Sloan et al. 2012a) . If N-mt genes must coevolve in response to mt mutations, then "fast" Silene (those with elevated mt mutation rates) should show evidence of positive selection in N-mt genes compared with their "slow" relatives. Previous work has supported this prediction, as the ratio of nonsynonymous to synonymous substitutions (d N /d S ) is higher in N-mt genes in fast vs. slow Silene for OXPHOS and ribosomal proteins (Havird et al. 2015b; Sloan et al. 2014) . Elevated d N /d S ratios are consistent with positive selection on N-mt genes in response to elevated mt mutation rates. However, there are important alternative interpretations to consider when evaluating evidence for positive selection and mitonuclear coevolution (Adrion et al. 2015; Nabholz et al. 2013; Pett and Lavrov 2015; Popadin et al. 2013; Sloan et al. 2014; Zhang and Broughton 2013) . In particular, elevated d N /d S ratios could alternatively imply a recent relaxation of purifying selection on N-mt genes in fast Silene species.
Disentangling the effects of positive and relaxed purifying selection on N-mt genes requires a diversity of approaches. One underutilized technique in the study of mitonuclear interactions is to test for positive selection on N-mt genes in a population genetic framework. For example, the McDonaldKreitman (MK) test checks for an excess of nonsynonymous divergence between species relative to intraspecific polymorphism within species, which is a strong sign of positive selection (McDonald and Kreitman 1991) . However, previous studies using this approach to test for positive selection on N-mt genes have yielded mixed results (Willett and Burton 2004; Gagnaire et al. 2012; Parmakelis et al. 2013 ) and in some cases may have suffered from analyzing a very limited number of N-mt genes (i.e., only one or two).
Another class of population genetic tests examines the site frequency spectrum (SFS) to determine whether rare alleles are present at higher or lower frequencies than would be expected under neutrality (e.g., Tajima's D; (Tajima 1989 ). Tajima's D and related tests are complementary to MK tests and d N /d S analyses because Tajima's D provides a more current snapshot of ongoing evolution within a species, whereas d N /d S ratios and MK tests detect older bouts of selection based on divergence among species. New methods have also been developed to explicitly test for relaxed selection in a phylogenetic framework by examining the distribution of nonsynonymous and synonymous mutations among taxa of interest (Wertheim et al. 2014) . To date, however, tests based on the SFS and tools that investigate relaxed selection are rarely applied to N-mt genes to study mitonuclear coevolution.
It is also unclear why mt mutation rates have undergone accelerations within Silene and independently in other angiosperm lineages (Cho et al. 2004; Parkinson et al. 2005; Mower et al. 2007) . One obvious reason could stem from altered repair, recombination, and replication (RRR) of mtDNA in angiosperm lineages with accelerated mt mutation rates. Supporting this possibility, fast Silene species show altered frequencies of mtDNA recombination and gene conversion (Sloan et al. 2012a) . Mutated RRR genes can often lead to genome instability (Marechal and Brisson 2010) , and fast Silene species also tend to show massive expansions in mt genome size and altered mt genome structures (Sloan et al. 2012a) . With the exception of DNA polymerases involved in replication of linear plasmids in some plant mitochondria (Warren et al. 2016) , mt-RRR machinery is encoded in the nucleus, raising the possibility that changes in nuclear mt-RRR genes are responsible for elevated mtDNA mutation rates. One possibility is that mt-RRR genes have been pseudogenized or lost outright in fast Silene species. Alternatively, these genes may have remained intact but been subject to reduced functional constraint or inefficient selection, resulting in the accumulation of mutations that alter their function. If this is the case, we would predict elevated d N /d S in mt-RRR genes in fast Silene species compared to their slow relatives but with signatures of relaxed, rather than positive, selection. Although positive and relaxed selection have not been examined in mt-RRR genes from angiosperms with elevated mt mutation rates, Zhang et al. (2016) recently reported an analysis of plastid-targeted RRR genes in the Geraniaceae, echoing some of the above hypotheses about the role of RRR genes in accelerated mutation rates in organelle genomes.
Here, we used transcriptomic data from 12 Silene species with variable mt mutation rates (Fig. 1) , including 19 populations of S. conica, to investigate the roles of positive and relaxed purifying selection on N-mt OXPHOS, ribosomal, and RRR genes. Overall, we find evidence of positive selection in these nuclear genes, which we argue is likely due to increased mtDNA mutation rates. Moreover, we find little evidence for relaxed selection, suggesting positive selection is the predominant driver of accelerated evolution in N-mt genes of fast Silene species. We discuss this finding in light of mitonuclear interactions and possible causes of elevated mitochondrial mutation rates in Silene.
Materials and Methods

New Silene Transcriptomic Resources
To develop new transcriptomic resources for Silene, we obtained seeds and/or leaf tissue from S. ammophila, S. conoidea, S. grisebachii, S. sartorii, S. subconica, and S. undulata ( Fig. 1; supplementary table S1, Supplementary Material online). For S. subconica, 4-5 rosette leaves were preserved in RNAlater (Sigma) from a single individual and frozen at -20 C for~1 week prior to transport to Colorado State University, where they were frozen at À80 C for~4 months prior to RNA extraction via an RNeasy Plant Mini Kit (Qiagen). For the other species, seeds were germinated on soil (Fafard 2SV mix supplemented with vermiculite and perlite) and grown under a 16-hr/8-hr light/ dark cycle with regular watering and fertilizer treatments in greenhouse facilities at Colorado State University. After growing for 5 months, RNA was extracted from 4-5 rosette leaves from a single individual of each species as described above.
Resulting RNA was sent to the Yale Center for Genome Analysis for cDNA library preparation and Illumina sequencing. A Ribo-Zero Plant Leaf rRNA Removal Kit (Illumina) was used during library preparation in order to capture organellar transcripts, which are not consistently poly-adenylated, for future studies. The resulting six strand-specific cDNA libraries were then sequenced on a single Illumina HiSeq 2500 lane. Pairedend, 151 bp reads were delivered in FASTQ format and are available via the sequence read archive (SRA) at the National Center for Biotechnology Information (NCBI) (supplementary table S2, Supplementary Material online). Reads were used as delivered (i.e., no quality filtering was performed because filtering can reduce assembly quality; MacManes 2014) to assemble strand-specific transcriptomes de novo for each species using Trinity r20140717 (Grabherr et al. 2011) , with default parameters and in silico normalization of reads. Resulting contigs were deposited in NCBI's transcriptome shotgun assembly (TSA) database (supplementary table S2, Supplementary Material online).
In addition to these new resources, we made use of previously generated Silene transcriptomes. For S. macrodonta, S. latifolia, S. paradoxa, S. noctiflora, S. vulgaris, and the outgroup Agrostemma githago (Fig. 1 ), we used previously described sequence resources (Rockenbach et al. 2016) , based on assembled sets of contigs generated de novo using Trinity r20140717. We also used transcriptomes for 19 geographically diverse populations of S. conica that were recently described in Rockenbach et al. (2016) . In some analyses, we also made use of the Beta vulgaris genome (Dohm et al. 2013) as an additional outgroup by downloading publicly available coding sequences from The Beta vulgaris Resource (http://bvseq.molgen.mpg.de/index. shtml; last accessed June 1, 2016). In total, we examined 14 species (Fig. 1) , nine of which were Silene species with fastevolving mtDNA, while the remaining five (A. githago, B. vulgaris, S. latifolia, S. paradoxa, and S. vulgaris) have slowly evolving mtDNA typical of most other angiosperms.
Curation of Orthologous OXPHOS, RRR, and Ribosomal Sequences
We were interested in three classes of nuclear-encoded genes whose products interact with mtDNA-encoded proteins or FIG. 1.-The relationships between taxa utilized in this study, as shown by a maximum likelihood phylogeny based on a concatenation of 44 nuclear genes (60,579 bp). Species with fast-evolving mtDNA are highlighted with blue branches, while those with slow-evolving mtDNA are orange. Note that S. paradoxa was encoded as a "slow" species here and in RELAX analyses because it does not have a mt genome-wide acceleration in d S , but does show elevated rates in a subset of mt genes (Sloan et al. 2009 ). Moreover, there may have been independent accelerations in the lineage leading to S. noctiflora/S. undulata and in the lineage leading to S. conoidea, etc. This is evidenced by low bootstrap support (0.78) for the sister relationship between these clades, and because a sister relationship was not recovered in previous analyses with more taxa, but fewer loci (Sloan et al. 2009; Rautenberg et al. 2012 ). This phylogeny was obtained by concatenating the 44 DNA sequences from the random nuclear genes that were used in RELAX analyses (Fig. 5 ) and inputting the concatenation into RAxML version 8.2.6 using the "GTRGAMMAI" model of evolution (Stamatakis 2014) . Support values are from 1,000 "rapid" bootstrap replicates (Stamatakis et al. 2008 ) and the scale bar represents substitutions/site. Asterisks indicate 100% support. Photos are from greenhouse-reared individuals except for S. subconica. mtDNA itself: 1) OXPHOS, 2) ribosomal, and 3) mt-RRR genes. N-mt OXPHOS proteins form multisubunit complexes with mtDNA-encoded proteins and are responsible for electron transport and ATP generation. Proteins that make up complex II (succinate dehydrogenase; SDH) serve as a control for mitonuclear interactions in this gene class, as all complex II proteins are nuclear-encoded in Silene (Sloan et al. 2012a) . BLAST query sequences (see below) were obtained from Silene OXPHOS sequences reported in Havird et al. (2015b) . N-mt ribosomal proteins form multisubunit complexes with mtDNAencoded ribosomal proteins and rRNAs and are responsible for mt translation. We used the Silene ribosomal protein sequences from Sloan et al. (2014) as BLAST queries. Mt-RRR gene sequences from Arabidopsis as reported in supplementary file S1 of Zhang et al. (2016) , Table 1 of Cupp and Nielsen (2014), and Boesch et al. (2009) were used as queries for BLAST searches (supplementary table S3, Supplementary Material online). We focused on RRR genes that were targeted solely to the mitochondria, or those that were dual-targeted to both mitochondria and plastids.
BLAST 2.2.29+ (Camacho et al. 2009 ) was used with tblastn (with a cutoff expect value of 1e-5) and the query sequences mentioned above to extract orthologous sequences from the Silene and outgroup transcriptomes, as well as transcriptomes from the 19 populations of S. conica. Top BLAST hits were extracted using custom Perl scripts and BioPerl modules (Stajich et al. 2002) , and were aligned to the reference query sequence using MUSCLE 3.8.31 (Edgar 2004) as implemented in MEGA 6 (Tamura et al. 2013) . After manual curation and preliminary tree building in MEGA to ensure all sequences were orthologous, the alignment was trimmed according to the longest ORF. Sequences that were < 50% complete were excluded. After manual curation, final alignments were re-aligned by codon using MUSCLE and any stop codons were removed. Finally, TargetP (Emanuelsson et al. 2007 ) was used to predict and remove signal peptides for mt-targeted proteins before analyses.
McDonald-Kreitman and Other Population Genetic Tests
The MK test uses counts of synonymous and nonsynonymous substitutions both within species (polymorphism) and between species (divergence) to test for positive selection (McDonald and Kreitman 1991) . Specifically, the neutrality index (NI) (Rand and Kann 1996) is calculated by dividing the ratio of nonsynonymous to synonymous polymorphisms (P n /P s ) by the ratio of nonsynonymous to synonymous divergence (D n /D s ), with NI values less than one indicative of an excess of nonsynonymous divergence and positive selection. Note that the D and P terms in these expressions represent simple counts. We distinguish these from the d N and d S values described previously, which are defined on a per site basis. We implemented MK tests using the PopGenome package in R (Pfeifer et al. 2014 ) on datasets for each of the three classes of genes, consisting of the 19 S. conica populations and using either S. macrodonta or S. latifolia as outgroups. These two outgroup species were chosen to represent two different scales of interspecific divergence: within (S. macrodonta) and outside (S. latifolia) the section Conoimorpha. NI values were assessed for statistical significance using Fisher's Exact Tests. Direction of Selection (DoS) values were calculated following Stoletzki and Eyre-Walker (2011) , with positive DoS values indicative of positive selection. We also report MK-associated statistics from a set of ribosomal proteins targeted to the cytosol, which act as a specific control for the mt-targeted ribosomal proteins. Fifty randomly chosen, single-copy nuclear genes were also investigated as described previously (Rockenbach et al. 2016 ) to serve as a general control for mitonuclear interactions. To categorize positive selection on an entire class of genes, we summed counts for genes belonging to each gene class. Because summing counts across contingency tables can introduce statistical bias, we also calculated NI TG , which is an unbiased estimator of NI (Stoletzki and Eyre-Walker 2011) .
In addition to MK tests, we calculated several other population genetic metrics to assess if and how selection was currently acting on these genes. Tajima's D (Tajima 1989) and Fu and Li's D and F (Fu and Li 1993 ) (with associated simulation tests for statistical significance) were calculated using the batch mode and the outgroup options in DnaSP 5.10.01 (Librado and Rozas 2009 ). These tests do not explicitly test for positive selection but rather for a deviation from neutrality by taking the SFS into account. Negative values indicate positive selection and/or population expansion after a bottleneck or selective sweep, while positive values indicate balancing selection and/or a decrease in population size. Using the DH program with default settings (Zeng et al. 2007 ), we also calculated Fay and Wu's H (Fay and Wu 2000) , which utilizes an outgroup to explicitly test for positive selection, and DHEW, which is a similar test that combines Tajima's D, Fay and Wu's H, and the Ewens-Watterson test of neutrality (Watterson 1978) . Negative H and DHEW values are indicative of positive selection. For these statistics (Tajima's D, Fu and Li's D, Fu and Li's F, Fay and Wu's H, and DHEW), we generated test statistics and P-values for each gene as well as concatenated alignments for the gene categories described above. These tests were performed twice for each gene and dataset: once for the sequences used in MK analyses when S. latifolia served as an outgroup, and again for the sequences where S. macrodonta was used as an outgroup. Note that even though many of these tests do not employ an outgroup, the results for both gene sets are presented as a comparison with MK tests. A smaller gene set was used for the S. macrodonta analyses because homologous sequences could not be extracted from S. macrodonta for several genes (most likely owing to lower coverage of nuclear transcripts because RiboZero was used in cDNA library preparation). In the main text we report uncorrected P values, although all statistics, including P values corrected for multiple comparisons via Bonferroni correction, are reported in supplementary data file S1, Supplementary Material online.
Measuring d N /d S in Silene RRR Genes with Slow and Fast-Evolving mtDNA d N /d S values in Silene species with fast-evolving mtDNA are larger than in species with slow-evolving mtDNA for both Nmt OXPHOS and ribosomal genes (Sloan et al. 2014; Havird et al. 2015b ). To investigate if this applies to N-mt RRR genes, we estimated d N /d S for mt-RRR genes between two species with fast-evolving mtDNA (S. conica and S. noctiflora) and two species with slowly evolving mtDNA (S. latifolia and S. vulgaris), using the same strategy as we did previously (Havird et al. 2015b) . Briefly, all mt-RRR genes were concatenated from each species and pairwise d N /d S values between either slow or fast species were estimated using codeml in PAML 4.8 (runmode = À2; codon frequency = F1 Â 4) (Yang 2007) . To test if the fast group had a significantly different d N /d S than the slow group, the slow group's d N /d S was constrained to that of the fast group and a likelihood ratio test between constrained and unconstrained models was performed.
We also performed the same analyses on four other previously described datasets: OXPHOS genes, mt-targeted ribosomal proteins, cytosolic-targeted ribosomal proteins, and the set of 50 randomly chosen, single-copy nuclear genes. For the OXPHOS genes, complex II genes were analyzed separately from the genes in the rest of the complexes. Although we have previously examined d N /d S in these datasets (Sloan et al. 2014; Havird et al. 2015b; Rockenbach et al. 2016) , our methods here were slightly different than in previous studies (e.g., different taxa, concatenation schemes, or models in PAML were used), so we reanalyzed these datasets so they would all be processed with the exact same methods.
Testing for Relaxed Selection
Because elevated d N /d S in N-mt genes could be due to relaxed, rather than positive selection, we tested for signatures of relaxed selection in N-mt genes using the RELAX program (Wertheim et al. 2014) as implemented in HyPhy (Pond et al. 2005) . RELAX detects relaxed selection by fitting different distributions of d N /d S on reference and test branches in a phylogeny, and testing whether this model fits the data significantly better than a single distribution across all branches. RELAX distributes sites in an alignment among three classes of For each gene, custom Perl scripts were used to extract orthologs from the 14 species we examined (12 Silene species, Agrostemma githago, and Beta vulgaris). Briefly, sequences were extracted and aligned from Silene and outgroup transcriptomes as above. Phylogenies were then created for each alignment/gene using PhyML v3.1 (Guindon et al. 2010) . Reference branches were then selected to include all terminal branches leading to species with slowly evolving mtDNA (Beta, Agrostemma, S. latifolia, S. vulgaris, and S. paradoxa), while test branches were set to include terminal branches leading to species with fast-evolving mtDNA (S. ammophila, S. conica, S. conoidea, S. grisebachii, S. macrodonta, S. noctiflora, S. sartorii, S. subconica, and S. undulata). Any internal branches that led exclusively to one type of branch were designed as that type, while internal braches giving rise to both types of branches were designated as reference branches (e.g., Fig. 1 ). In addition to individual gene analyses, RELAX analyses were performed after concatenating sequences within each gene class as above.
Data Availability
Newly generated sequence reads and transcriptome assemblies have been deposited into NCBI's SRA and transcriptome shotgun assembly (TSA) database, respectively (see supplementary table S2, Supplementary Material online, for accession numbers). All statistics generated for population genetic and RELAX analyses are available in supplementary data file S1, Supplementary Material online. Alignments used for MK, PAML, and RELAX analyses are available via FigShare at https://figshare.com/s/64e28b2ed14177b1ab14.
Results
Elevated d N /d S in N-Mt Genes in Fast Silene Species
In previous studies, we documented elevated d N /d S in N-mt genes for Silene with fast-evolving mtDNA compared to close relatives with slowly evolving mtDNA, specifically in N-mt ribosomal genes (Sloan et al. 2014 ) and N-mt OXPHOS genes encoding proteins in complexes I and III-V (Havird et al. 2015b ). However, this pattern was not found in genes encoding cytosolic-targeted ribosomal proteins (Sloan et al. 2014) , OXPHOS complex II proteins (Havird et al. 2015b) , or a random set of 50 proteins not targeted to mitochondria or plastids (Rockenbach et al. 2016) . Here, we used slightly different methods to reanalyze these gene sets in a standardized fashion, and the results confirm our previous analyses. Briefly, N-mt genes showed elevated d N /d S ratios in fast compared to slow Silene species, while control genes showed either no difference between fast and slow species or the opposite trend (Fig. 2) .
Silene mt-RRR genes were identified and analyzed here for the first time (supplementary table S3, Supplementary Material online). They showed a similar pattern as the other N-mt genes (Fig. 2) . Mt-RRR genes in Silene with fast-evolving mtDNA had significantly higher d N /d S than in species with slowly evolving mtDNA (P < 0.001, likelihood ratio test). Importantly, this trend was not driven by outlier genes, because when genes were analyzed individually, all mt-RRR genes showed the same pattern (supplementary fig. S1 , Supplementary Material online). The difference in d N /d S between the fast and slow species was the largest for TWINKLE and POL1, which are involved in replication, and RECA2, RECA3, and RECG, which are involved in recombination (supplementary fig. S1 , Supplementary Material online).
Population Genetic Signatures of Positive Selection in N-Mt Genes
When performing MK tests using the 19 populations of S. conica with either S. latifolia or S. macrodonta as an outgroup, a significant excess of nonsynonymous divergence was found in several datasets when summing counts across all genes (Fig. 3, supplementary fig. S2 , Supplementary Material online, Table 1 ). This pattern is a signature of positive selection (McDonald and Kreitman 1991) . For mt-interacting OXPHOS subunits (i.e., complexes I, III-V), there was a significant excess of nonsynonymous divergence between S. conica and S. latifolia. Similar, although nonsignificant, results were obtained when the closer relative S. macrodonta was used as an outgroup. Similar results were also found in the complex II (SDH) OXPHOS subunits even though these subunits do not interact directly with any mt-encoded gene products and did not show elevated d N /d S values in fast Silene species (Fig. 2) . Mt-targeted and cytosolic-targeted ribosomal proteins both showed a significant excess of nonsynonymous divergence when S. latifolia was used as the outgroup, but to a greater extent in the mt-targeted gene set (Fig. 3, Table 1 ). For mt-but not cytosolic-targeted ribosomal proteins, a significant excess of nonsynonymous divergence was also found when using S. macrodonta as an outgroup (Fig. 3, Table 1 ). For mt-RRR genes, a significant excess of nonsynonymous divergence was found when using either S. latifolia or S. macrodonta as an outgroup (Fig. 3, Table 1 ). As described previously (Rockenbach et al. 2016) , the set of 50 randomly chosen nuclear-encoded genes shows neither an excess nor paucity of nonsynonymous divergence (Fig. 3, Table 1 ).
We also calculated several metrics that examine the SFS. When performing Tajima's D tests, none of the concatenated sets of genes in any category had significantly more or less variation than would be expected under neutrality (i.e., D = 0), although there was a general trend towards an excess of rare alleles in all datasets (i.e. D < 0), which may be indicative of a population expansion after a recent bottleneck (Fig. 4) for nuclear-encoded genes (N-mt genes) that code for proteins targeted to the mitochondria, except cytosolic-targeted ribosomal proteins and a set of 50 randomly chosen nuclear genes, which act as controls for mitonuclear interactions. SDH subunits in OXPHOS complex II act as another type of control, as they are targeted to the mitochondria, but do not interact directly with any mt-encoded subunits. Comparisons between Silene species with fast (S. conica and S. noctiflora) or slowly evolving mtDNA (S. latifolia and S. vulgaris) are shown, along with results of a likelihood ratio test between the two groups (NS not significant; **P < 0.01; ***P < 0.001). Numbers in parentheses indicate the number of genes and nucleotides analyzed in each gene set.
Similar Signatures of Relaxed Selection in N-Mt and Control Genes
OXPHOS subunits that interact with mt-encoded subunits, mttargeted ribosomal proteins, and mt-targeted RRR genes exhibited k values in RELAX analyses that were generally clustered around 1, and genes that were individually significant were roughly evenly split between k values greater than and less than 1 (Fig. 5) . In addition, the distribution of k values was similar between N-mt genes and the set of 50 random nuclear genes (Fig. 5) . These results indicate that neither relaxed nor intensified selection is acting in any consistent way on these sets of genes in fast compared with slow Silene species.
When all genes within a dataset were concatenated, there were significant signatures of relaxed selection in fast Silene species for some gene sets, but overall these effects were limited (Fig. 5) . For mt-interacting OXPHOS subunits, a significant signature of relaxed selection was obtained (k = 0.73, P < 0.001), although it was similar in magnitude to the OXPHOS subunits from complex II (k = 0.70). For mt-targeted ribosomal proteins, there was no indication whatsoever of relaxed selection (k = 1.02, P = 0.72). For mt-RRR genes, a significant signature of relaxed selection was obtained (k = 0.58, P < 0.001), although, perplexingly, individual mt-RRR genes all had higher k values (mean k = 1.68). To investigate this discrepancy between individual mt-RRR genes and the concatenated set, we examined the distribution of d N /d S values estimated by RELAX for all the concatenated gene sets (supplementary fig. S7 , Supplementary Material online). For mt-RRR genes, the d N /d S ratio for sites under positive selection in the reference branches (species with slowly evolving mtDNA) was estimated as 9999.9999, which is an obvious artifact and likely the upper limit on d N /d S ratios estimated by RELAX. This high d N /d S ratio, which was not observed in the other concatenated analyses, is responsible for producing an unexpectedly low k value for the concatenated mt-RRR analysis. There are several potential reasons why this artifact may have been produced (see Discussion).
Presence of Functional RRR Genes in Silene
One possibility for why some Silene species have undergone an acceleration in mtDNA mutation rate and structural rearrangements in the mitochondrial genome is that mt-RRR genes are absent or have altered functionality in these species. Of the mt-RRR genes that have been characterized in other angiosperms (supplementary table S3, Supplementary Material online), we were able to identify homologs for all of them in Silene species with both fast and slowly evolving mtDNA. None of these genes had obvious frameshift mutations, premature stop codons, or other hallmarks of pseudogenization or loss of function. Two mt-DNA polymerases (POL1A and POL1B) are present in Arabidopsis thaliana, but only a single gene was found in Silene. After examining genomic and transcriptomic resources from Nicotiana tabacum and Oryza sativa, we found that these species also have two or more mt-DNA polymerases, but that they each represent independent duplications and are not orthologous to POL1A and POL1B of Arabidopsis (supplementary fig. S8 , Supplementary Material online). Therefore, the difference in mt-DNA polymerase copy number appears to be the result of independent duplications in other lineages rather than a loss in Silene. Similarly, two endonucleases (NTH1, plastid-targeted; populations of Silene conica, using either S. latifolia or the closer relative S. macrodonta as outgroups. All gene sets include nuclear-encoded genes (N-mt genes) that code for proteins targeted to the mitochondria, except cytosolic-targeted ribosomal proteins and a set of 50 randomly chosen nuclear genes, which act as controls for mitonuclear interactions. Subunits in OXPHOS complex II act as another type of control, as they are targeted to the mitochondria, but do not interact directly with any mtencoded subunits. Neutrality indices (NI) above or below 1 (indicated by dashed lines) suggest purifying or positive selection, respectively. Larger points indicate normalized NI TG values for each gene set, colored by significance of the summed NI value (via Fisher's Exact Tests). Upper and lower "hinges" of boxplots correspond to the first and third quartiles of the data, whiskers extend to the most extreme values within 1.5-fold of the inter-quartile range, and values beyond these are plotted as points. Note that the wide variation in mt-targeted ribosomal proteins is due to a single gene (RPS11) with an abnormally low NI (0.007), see supplementary data file S1, Supplementary Material online.
NTH2, mt-targeted) in Arabidopsis appear to be Arabidopsisspecific duplicates, and only a single, mt-targeted NTH gene was found in Silene and analyzed here (supplementary fig. S8 , Supplementary Material online).
Some mt-RRR genes were excluded from phylogenetic and population genetic analyses because of difficulties in their assemblies. Specifically, only fragmented assemblies were generated for RDR (RNA-dependent DNA polymerase) in many species, which prevented its use in our analyses. However, the detection of transcript fragments indicates that RDR is present in Silene, albeit expressed at low levels or suffering from assembly problems. Four organelle-targeted, singlestranded DNA binding proteins are found in Arabidopsis: OSB1, OSB3, and OSB4 are mt-targeted, while OSB2 is solely plastid-targeted. When investigating closely related OSB sequences from Arabidopsis, Nicotiana, Oryza, and Silene, we found three OSB-like groups of sequences: one corresponding to Arabidopsis OSB1, one corresponding to Arabidopsis OSB2/3/4 (which likely represent Arabidopsis-specific duplications), and one corresponding to a plastid-targeted OSB that is present in many angiosperms but does not appear to have an ortholog in Arabidopsis and was not analyzed here. The Silene OSB2/3/4-like sequences are all predicted to be plastid-targeted and were not analyzed here. Silene appears to have undergone a lineage-specific duplication for OSB1 (supplementary fig. S9 , Supplementary Material online), leading to multiple distinct OSB1-like sequences, the assembly of which is further complicated by large tandem duplications of the PDF domain (Zaegel et al. 2006 ). Many of these sequences contained predicted mt-targeting peptides. These OSB1 duplicates were found in both slow and fast Silene, but were not analyzed here because of paralogy and assembly concerns among the OSB1-like duplicates.
Overall, fast Silene appear to have a complete, functional contingent of mt-RRR genes and show no obvious deviations in gene content from slow Silene.
Discussion
Positive, Not Relaxed, Selection Shapes the Evolution of N-Mt Genes in Silene Mitonuclear interactions have been theorized to have important implications for human health, diversification of eukaryotes, and major transitions in the evolution of life (Burton and Barreto 2012; Dowling 2014; Havird et al. 2015a; Hill 2015; Sloan et al. 2015) . One of the underlying assumptions of these arguments is that genes encoded by the nuclear genome are under positive selection to compensate for slightly deleterious mitochondrial mutations, which may escape selection owing to the uniparental and haploid nature of mtDNA (Lynch 1996; Lynch and Blanchard 1998) . While several independent studies support this scenario (Osada and Akashi 2012; Barreto and Burton 2013; Gong et al. 2014; Sloan et al. 2014; Beck et al. 2015; Havird et al. 2015b) , two specific predictions can be made regarding sequence evolution under nuclear compensation: 1) nuclear genes should show molecular signatures of positive selection, especially in species with rapidly evolving mtDNA, and, 2) such signatures should be overrepresented in N-mt genes vs. those that encode proteins targeted to elsewhere in the cell. Here, we present three lines of evidence that positive selection is playing a significant role in shaping the evolution of N-mt genes in Silene with fast mtDNA evolution.
First, we confirmed previous patterns of elevated d N /d S in N-mt genes for fast Silene species (Fig. 2) . This pattern could be caused by positive or relaxed selection. However, if relaxed selection was due to a population bottleneck in fast Silene that reduced effective population size, then d N /d S should be elevated across the entire nuclear genome. Because this pattern was not observed in a set of randomly chosen nuclear genes that do not interact with mitochondria or plastids (Fig. 2) , we can exclude the possibility that a recent population bottleneck or other genome-wide phenomenon in fast Silene is responsible for elevated d N /d S . Although increased d N /d S in N-mt genes could be caused by a change in selection on overall mt function, normal d N /d S values in SDH and mt CLP genes make this unlikely (Havird et al. 2015b; Rockenbach et al. 2016) .
Second, we used population genetic data to show an abundance of nonsynonymous divergence compared to polymorphism in S. conica N-mt genes (Fig. 3) , which is a hallmark of positive selection (McDonald and Kreitman 1991) . This was not observed for the set of 50 random nuclear genes, again excluding any demographic cause of this pattern. Moreover, these effects remained significant in many of the N-mt gene sets examined whether using S. latifolia or S. macrodonta as outgroups. This implies positive selection on N-mt genes took place across at least two time scales (because S. conica is~5.7 Myr divergent from S. latifolia and~1.8 Myr divergent from S. macrodonta; (Rautenberg et al. 2012) , and provides further evidence against the possibility of demographic effects causing this pattern. Moreover, because a much lower number of homologous sequences were identified in S. macrodonta and there is a lower amount of sequence divergence between S. conica and S. macrodonta, S. macrodonta serves as a more conservative comparison.
Third, we explicitly tested for relaxed selection by implementing a phylogeny-based analysis of the distribution of d N /d S across sites and branches using the program RELAX (Wertheim et al. 2014 ). There was no more evidence for relaxed selection in N-mt genes in fast Silene than in the set of 50 random nuclear genes. However, our interpretation of the RELAX data is complicated by the fact that we found a potential artifact when analyzing the concatenated mt-RRR dataset (which exhibited the opposite direction of effect than each gene analyzed individually). It is not clear what caused this anomalous result. One potential explanation is that large amounts of missing data in the concatenated mt-RRR alignment (i.e., no gene was present in all 14 species) led to an erroneously large d N /d S estimate for sites under positive selection in the reference taxa. Another possibility is that incomplete lineage sorting or introgression of mt-RRR genes may have also influenced results of concatenation analyses where all genes were forced into a single phylogeny. A relatively low number of species included in our analyses (14, whereas the median number used on the RELAX webserver is 19) may have also reduced the power to detect changes in selection using RELAX.
Overall, N-mt genes showed evidence of positive selection. Although this pattern was largely consistent with our predictions under the nuclear compensation hypothesis, there were some unexpected results. For example, SDH subunits in complex II had similar NI values to other complexes and OXPHOS genes (Fig. 3) , even though SDH subunits are completely nuclear-encoded and do not show elevated d N /d S in fast Silene species (Fig. 2) . The lack of a difference in d N /d S between fast and slow Silene suggests that mt mutation rate may not have driven this apparent selection on SDH genes. Nevertheless, it is possible that even though complex II does not contain any mtencoded subunits, it may experience indirect effects associated with having to interact with mitochondrial import and assembly proteins, which may be under positive selection themselves.
A similar result was observed when comparing mt-and cytosolic-targeted ribosomal proteins, as MK tests produced evidence of positive selection for both. While there may have been a history of positive selection on cytosolic-targeted ribosomal proteins, it is important to note that positive selection appears to be much stronger on mt-targeted ribosomal proteins. Importantly, across eukaryotes mt-targeted ribosomal proteins are likely less functionally constrained than their cytosolic-targeted counterparts because of the smaller number of transcripts that mt ribosomes must translate (Sloan et al. 2014; Adrion et al. 2015; Pett and Lavrov 2015) . Our analyses are not at odds with this conclusion, as we simply found that there is no evidence that mt-targeted ribosomal proteins have experienced a further relaxation of selection in fast Silene compared to slow Silene. Instead, the accelerated evolution of N-mt genes in species such as S. conica appears to be associated with signatures of positive, not relaxed, selection.
Although MK tests indicated a history of positive selection in N-mt genes, Tajima's D and related tests suggest N-mt genes may not currently be under positive selection, because the SFS in S. conica populations did not significantly deviate from neutral expectations. In Silene and other angiosperms with fast-evolving mtDNA, it is unclear if elevated mtDNA mutation rates remain uniformly high in species such as S. conica, or whether elevated mitochondrial mutation rates occur in episodic bursts and then subside. Specifically, mt mutation rates appear to have undergone accelerations and subsequent decelerations in the Geraniaceae (Parkinson et al. 2005) . Some data in S. noctiflora (e.g., long internal branches vs. short terminal branches; low levels of mt polymorphisms) support a scenario in which ancient accelerations in mt mutation rates have since reverted (Sloan et al. 2009; Sloan et al. 2012b; Wu et al. 2015) . If we assume N-mt genes are responding to mitochondrial mutations, then our results from the MK and Tajima's D-like tests support this scenario, because we recover evidence for older episodes of positive selection on N-mt genes (between species), but not evidence for ongoing positive selection (within species). Moreover, it is unclear if the species analyzed here represent a single episode of mtDNA acceleration or two independent events (in section Conoimorpha and S. noctiflora/S. undulata; Fig. 1 ) (Sloan et al. 2009 ). Because the D-like statistics were generally low across most gene sets examined, including the random 50 nuclear genes, there may have been a population expansion after a recent bottleneck in S. conica. This is supported by phylogeographic studies in closely related Silene species, which indicate a history of post-glacial population expansion into Northern Europe from Mediterranean refugia (Taylor and Keller 2007) .
Why are N-mt genes under positive selection in Silene with fast-evolving mtDNA? This specific result supports a more general trend across eukaryotes, showing that lineages with relatively high rates of mt and plastid genome evolution also tend to have elevated rates of evolution in nuclear genes that are targeted to those organelles (Sloan et al. 2014; Havird et al. 2015b; Zhang et al. 2015; Havird and Sloan 2016; Weng et al. 2016) . Importantly, nuclear compensation and coevolution with organelle genomes need not necessarily be invoked to explain these trends. For example, N-mt genes and mtDNA may be responding simultaneously to the same external selective pressure(s) or N-mt changes may have predated mtDNA changes. More generally, altered mtDNA evolution and genome structure may create a new adaptive landscape for many N-mt genes encoding proteins involved in mitochondria-related pathways, not just those that must directly interact with mt-encoded products. However, changes in N-mt OXPHOS proteins tend to occur at protein residues that physically interact with mutated mtDNA residues in Silene and primates (Havird et al. 2015b; Osada and Akashi 2012) . Moreover, altered mtDNA residues were equally likely to occur at or away from N-mt residues, and mt-encoded OXPHOS genes do not show elevated d N /d S in Silene with fast-evolving mtDNA (Havird et al. 2015b ). This suggests the mtDNA itself is not under positive selection in fast Silene and provides some support that nuclear genes are responding to mitochondrial changes, and not vice versa. Even if original mtDNA changes are beneficial in some cases, these results suggest coevolution between the genomes if not outright nuclear compensation. Regardless of the exact evolutionary interplay between mt and N-mt genes in Silene, the pervasive signals of positive selection in N-mt genes from fast Silene largely refute the possibility of relaxed functional constraints on mitochondrial function in these lineages.
The seeds collected here represent multiple species and populations of Silene, which will allow for inter-and intra-species crossing designs. Such hybrids often expose mitonuclear incompatibilities and provide some of the strongest evidence for the nuclear compensation hypothesis (Burton and Barreto 2012; Burton et al. 2013; Gershoni et al. 2009; Hill 2015) . Coupled with previous studies and the population genetic work presented here, creating Silene hybrids would further test the nuclear compensation hypothesis and the consequences of elevated mitochondrial mutation rate.
RRR Genes and Elevated Mutation Rates in Silene
In most bilaterian animals, mutation rates in the mtDNA outstrip those in the nucleus (Lavrov and Pett 2016) . In most angiosperms, the opposite is true (Wolfe et al. 1987) , possibly owing to RRR mechanisms that are found in plant mtDNA but absent in animals (Christensen 2014) . However, in several independent angiosperm lineages, mutation rates in mitochondrial genomes have undergone an acceleration, shifting the mitonuclear mutation balance to a more animal-like pattern (Mower et al. 2007 ). The cause of these rapid increases is still unknown, but alterations in mt-RRR genes would be an obvious candidate mechanism to explain changes in mtDNA mutation rate, as mutated mt-RRR genes can lead to organelle genome instability and dysfunction (Marechal and Brisson 2010) . Zhang et al. (2016) recently examined plastid RRR genes in species within the Geraniaceae, which have elevated plastid substitution rates and genomic instability (Guisinger et al. 2008 (Guisinger et al. , 2011 . They found that rates of plastid evolution (d N ) across their phylogeny significantly correlated with rates of evolution in three plastid-targeted RRR genes. Similar to our findings in Silene, these results support the hypothesis that changes in organelle-targeted RRR genes may be related to altered evolution in organelle genomes (although the strongest candidate gene identified in that study, UVRB/C, may not actually play a role in plastid RRR, as it has recently been reclassified as CLPF, a component of a plastid protease complex, and it is not found in the nucleoid fraction from Arabidopsis plastids; Huang et al. 2013) .
We predicted mt-RRR genes in Silene with fast-evolving mtDNA may be under relaxed selection or even lost/pseudogenized, leading to increased mtDNA mutation rates. While mt-RRR genes did show increased d N /d S , the results presented lead to the surprising conclusion that this is most likely due to positive, not relaxed, selection. Moreover, there was no evidence of psuedogenization or loss of mt-RRR genes in Silene with fast-evolving mtDNA, ruling out one obvious mechanism for runaway mitochondrial mutation rates. These results largely contradict the hypothesis that deleterious mutations in mt-RRR genes have escaped selection, compromised RRR function, and caused elevated mitochondrial mutation rates in Silene. Of course, caution is in order because it is likely that many of the genes involved in plant mt-RRR machinery are yet to be identified. Furthermore, even in the known genes we investigated, single changes with large effects on mt-RRR function could easily have been overlooked in our statistical analyses.
The finding that elevated rates of evolution in mt-RRR genes are likely due to positive selection was surprising and opens the door to new deliberation on the role of RRR in angiosperms with elevated mt mutation rates. One possibility is that positive selection on mt-RRR genes is caused by, rather than the cause of, elevated mtDNA mutation rates. Mt-RRR genes may be under selection to coevolve with mtDNA mutations as in other N-mt genes in order to maintain a functional "match" between the mtDNA and RRR genes. Interpopulation hybrids of the copepod Tigriopus californicus show altered mtDNA transcription, suggesting mtDNA regulatory sites may not be recognized by nuclear-encoded mt RNA polymerases from other lineages Burton 2008, 2010) . A similar process could occur with mtDNA and mt-RRR genes. Another possibility is that, when mitochondrial mutation rates increased, there was selection on RRR genes to offset what would otherwise lead to (even more) genome instability. This scenario would also be consistent with ancient deleterious changes at specific sites in mt-RRR genes that caused accelerated mt mutation rates and then underwent reversions or compensatory changes to restore functionality. This would not cause selection on specific, mtDNA-interacting sites in the mt-RRR genes, but would rather lead to a change in overall RRR function. In this scenario, the mtDNA sequence changes themselves are not the selective force. Instead, the cause would be overall changes in mtDNA stability, which could have been caused by forces such as an increase in reactive oxygen species (ROS) production, increased UV exposure, or a change in physiology.
It is striking that, in many respects, many fast and slow Silene species maintain similar geographic distributions and ecology. Interestingly, however, members of the fast clades tend to be hermaphroditic annuals that readily self-fertilize, whereas much of the genus is characterized by other life histories and breeding systems (Desfeux et al. 1996; Davis and Delph 2005) . For example, S. latifolia and S. vulgaris, two of the slower species investigated here, are outcrossing perennials with dioecious and gynodioecious breeding systems, respectively. Therefore, it is conceivable that shorter generation times or increased levels of linkage disequilibrium and hitchhiking associated with selfing in fast Silene species have played a role in acceleration of mt mutation rates. However, we consider this a highly speculative argument, especially given that there are many examples of selfing annuals with slowly evolving mtDNA, including other species within Silene (Desfeux et al. 1996; Sloan et al. 2009 ).
Another possibility is that the changes in mt-RRR genes are, in fact, responsible for the elevated mitochondrial mutation rates of Silene but that they are adaptive rather than deleterious. This could be because abnormal mutation rates and structural evolution are themselves adaptive or because mt-RRR genes play other roles that are under positive selection, and the altered mtDNA phenotype is a pleiotropic effect. Of course, interpretations of population genetic and phylogenetic evidence for positive selection should be made with caution. MK tests, although generally robust, can suffer from false positives (Nielsen 2001 (Nielsen , 2005 , and the observed effect sizes here were generally small for RRR genes. Examining the spatial context and timing of changes in mtDNA and RRR genes with a similar approach as employed by Osada and Akashi (2012) may help distinguish between the possibilities suggested here. Moreover, examining expression of mt-RRR genes could reveal important regulatory differences between fast and slow Silene species. Therefore, the ultimate cause(s) of the rapid accelerations in mitochondrial mutation rates in independent angiosperm lineages remains an open area for exploration.
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